We report resolution enhancement for non-linear swept-source lidar sensor using quasisynchronous resampling, a new post-processing method. We report 6mm Fourier-limited resolution at 6m distance, and improvement of single-target resolution at 6m from 27.9mm to 0.42mm.
Introduction and Background
Frequency-modulated continuous-wave (FMCW) lidar has been proven as a 3D imaging technique that can achieve high depth precision without the use of high-speed electronics [1] . The methodology reported for FMCW lidar and a tissue imaging technique known as swept-source optical coherence tomography (SS-OCT) [2] [3] [4] are each based on identical interferometric principles.
An optical laser source is frequency-swept (or "chirped") and scanned over a target at an unknown distance. The laser chirp is reflected by the target and collected into a receiver aperture. The transmitting and receiving aperture can be the same. Interference between the received chirp and the transmitted chirp creates an interference signal at a photodiode. Because the laser frequency is swept, the interference signal will oscillate with characteristics related to the delay between the local and freespace arms of this interferometer. In most analyses of FMCW systems, a linear laser chirp is assumed, which leads to a signal whose frequency is directly proportional to the range of the object. This allows the use of a fast Fourier transform (FFT) algorithm to simultaneously measure distance to multiple targets precisely. However, non-linear frequency sweeps require processing techniques more complex than the FFT to measure distance precisely and with high signal-to-noise ratio (SNR). Fig. 1 shows a common architecture in which a reference interferometer is often used to help calculate the range to the target for such non-linear chirps. Laser linearization or post-processing non-linear beats is a central problem in FMCW systems. There has been extensive work in FMCW and SS-OCT literature on the active linearization of optical frequency sweeps [5, 6] . In addition to active linearization schemes, much work has shown the advantages and disadvantages of resampling non-linearized beat signals in post-processing schemes [2] . These schemes require measurement or tracking of the phase of the reference beat signal in order to generate new resampling times for the target signal. There are many examples of post-processing techniques for implementing non-linear resampling. A common implementation is referred to in the literature as the "k-clock" method [4] , in which the zero-crossings of the reference signal are used as triggers for acquiring target signal data. K-clock methods have recently seen effective implementation in SS-OCT systems [2] . While k-clock methods are elegant and especially useful in biomedical (or other short-range) applications, the methods require synchronizing (in effect, matching the delays of) the reference and target signals [4] . This asynchronous resampling results in a chirped frequency on the resampled signal and broadening of the FFT spectrum. This broadening results in worse depth resolution and SNR, see the right part of Fig. 1 . Asynchronous resampling makes these methods unsuitable for wide-range applications where the target signal delay varies significantly with target distance. In [2] and [3] , a calibration procedure is used to de-chirp the k-clocked signals for measuring ranges up to 10cm, and the effect is attributed to phase delays in post-processing. In this paper, we propose a "quasi-synchronous" resampling method that significantly enhances the resolution, precision, and SNR of target signals at several meters for non-linearly tuned FMCW lidar.
Non-linear FMCW Analysis with Non-Uniform Resampling
In general, the reference beat photocurrent signal is proportional to a cosine with a phase argument, as in Eq. 1:
The phase argument, ∆ , , represents the photocurrent's dependence on the shape of the laser frequency chirp and the path length delay of the reference interferometer, . In the case of sinusoidal laser frequency tuning, the photocurrent phase can be written as a sum of sines:
where ∆ is the total laser frequency excursion, is the modulation frequency of the laser chirp, and is the initial laser frequency. With uniform sampling, we create discrete-time signal by replacing with . If we were to take a discrete Fourier transform (DFT) over discrete-time variable , we would not recover a range spectrum.
Instead, we can sample the signal with non-uniformly space samples, , where the samples are chosen such that the non-uniformly sampled phase is linear over the new discrete-time variable, . This would require ∆ , . With linear phase, the DFT over would create a spectrum where each bin corresponds to a possible target distance. We can write the new phase (and change using a trigonometric identity):
If we want ∆ , (linear phase), we would choose (4) where is a fixed parameter chosen so that is in the principal domain of arccosine. This formulation gives us expressions for and :
; 2 . Our ultimate goal is to choose resampling times to resample some arbitrary target signal. Consider the resampled target signal phase, ∆ , where we have made the change of to . We can show that ∆ , , where and are constant over , but is an error term that depends on and the difference between target and reference path lengths, ∆ . The error term for a sinusoidal signal is given:
Since the DFT is taken over , we can see that the significance of the error term grows as ∆ 2 increases from 0. This has the effect of blurring target beat signals with greater than . We can use to "refocus" the DFT spectrum at a particular distance. We must choose such that the argument of the second sine term in is close to 0. In this case of sinusoidal tuning, we would choose:
(6) Since this depends on , the offset corresponds to a particular bin, , in the DFT of the resampled data:
where is the total number of data points after resampling. This corresponds to a beat frequency (in Hz),
This reveals an expression for beat frequency similar to that of a linear chirp, where we note that represents the "average chirp slope."
Quasi-Synchronous Resampling Experiment and Discussion
We implemented a "quasi-synchronous" resampling method using a bank of delayed resamplers. Since the synchronous resampling analysis outlined above requires a delay before resampling, each element in the bank performs the following operations: 1) delay the uniformly-sampled target signal; 2) re-sample by interpolation of the target signal at the reference resample-times; 3) perform FFT, keeping FFT result in vicinity of the k th bin (where k is given by eq. 10, and corresponds to the delay from Step 1). The architecture of this bank is illustrated in Fig. 1 . Data acquisition is performed with a digital oscilloscope, and, as a proof-of-concept, the resampling bank is implemented in post-processing software.
For our ranging experiment, we observe two targets simultaneously that are several meters apart in order to illustrate the need for synchronous resampling over a broad range. A beam splitter directed the optical chirp to targets at ~3.9m and ~6m ranges. We used a 1550nm commercially available distributed Bragg reflector (DBR) thermally tunable laser with a 100kHz modulation frequency and an optical frequency excursion of 25 GHz. Analysis shows that scaling up this optical frequency excursion would not have an appreciable effect on the need for synchronous resampling. The process of delay/re-sample/FFT is performed over ~20 meters in range with bank windows of ~0.42m. In the example spectrum shown in Fig. 2 , the targets appear approximately 2 meters apart. The re-sampled spectrum with asynchronous resampling is shown in red, and the re-sampled spectrum with quasisynchronous resampling is shown in blue. The blue spectra show that we can approach Fourier-limited resolution of 6mm from our 25GHz excursion. A statistical study in which we measure the locations of target peaks for asynchronous and quasi-synchronous resampling spectra shows a systematic improvement in the precision of this system at longer distances. Fig. 3 shows the distribution of measurements for the 3.9m and 6m targets over 200 successive range measurements for the asynchronous and quasi-synchronous resampling methods. Measurement standard deviation improves from 7.5mm without QS-resampling to 0.23mm with QS-resampling at 3.9m, and improves from 27.9mm without QSresampling to 0.42mm with QS-resampling at 6m. The measurements assume that there is at most a single target in each range bin. Fig. 3 . Histograms of range measurements processed with asynchronous resampling and with quasi-synchronous resampling.
